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Abstract 

A  set  ofLao.9Ceo.iCo03  combustion  catalysts,  supported  onto  commercial  cordierite  monoliths,  through  either  La203  or 
Al203  as  primer,  was  prepared  with  different  active  phase/primer  combinations.  Two  different  salts  were  tested  as  precursors 
of  the  La-based  primer.  The  behaviour  of  the  catalysts  for  the  methane  flameless  combustion  was  compared  with  that  of 
samples  prepared  in  the  absence  of  any  primer.  The  primers  and  the  active  phase  were  deposited  by  means  of  the  dip-coating 
technique.  The  preparation  conditions  of  the  suspension  and/or  solution  for  the  dip  coating  were  studied,  aiming  at  obtaining  a 
uniform  and  resistant  deposition.  The  catalysts  were  characterised,  before  and  after  the  activity  tests,  by  BET,  X-ray  diffraction 
analysis  (XRD)  and  scanning  electron  microscope  (SEM).  The  comparison  between  the  catalysts  showed  that  with  Al203  as 
primer  the  catalyst  possesses  a  higher  surface  area  (SA)  and  hence  a  higher  initial  activity,  while  with  La203  as  primer  a  very 
high  thermal  stability  can  be  obtained. 
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1.  Introduction 

Chemical  processes  based  on  heterogeneous  cataly¬ 
sis  represent  one  of  the  principal  means  to  reduce  envi¬ 
ronment  pollution.  In  the  last  few  years,  the  production 
of  catalysts  with  monolithic  structure  has  increased 
steadily.  In  particular,  catalysts  with  honeycomb  struc¬ 
ture  are  used  in  abators  of  gaseous  pollutants  in  nitric 
acid  factories  and  in  thermo- electrical  power  stations 
and  can  be  used  in  catalytic  combustors  to  suppress 
the  formation  of  the  gaseous  pollutants  (such  as  NOx 
and  CO)  forming  in  the  usual  high  temperature  hy¬ 
drocarbon  combustion  [1].  Furthermore,  the  catalytic 
mufflers  based  on  the  three  way  catalyst  (TWC)  can 


*  Corresponding  author.  Fax:  +39-02-50314300. 
E-mail  address:  lucio.forni@unimi.it  (L.  Forni). 


remove  over  90%  of  the  emission  of  CO,  hydrocarbons 
and  NOx.  The  TWC  consists  of  a  thin  layer  of  active 
phase  deposited  by  dip  coating  on  a  multi-channel, 
honeycomb- shaped  ceramic  material,  usually  made  of 
cordierite.  Seventy  to  eighty  percent  of  the  coating 
consists  of  high  surface  area  (SA)  y-Al203,  10-20% 
is  an  oxide  mixture  (e.g.  Ba-Ni-Zr-Ce-O)  and  10%  is 
the  active  phase  (Rh,  Pt  and  Pd).  The  function  of  the 
oxide  fraction,  especially  of  cerium  oxide,  is  that  of 
a  buffer,  storing  and  releasing  the  oxygen  needed  by 
the  reaction  [2] .  Moreover,  cerium  oxide  can  stabilise 
the  dispersion  of  the  active  phase  [3]. 

The  use  of  structured  catalysts  for  an  increasing 
number  of  reactions  is  due  to  the  substantial  reduc¬ 
tion  of  reactants  pressure  drop  across  the  catalyst  bed, 
ensured  by  these  catalysts.  In  order  to  favour  the  ad¬ 
hesion  of  the  active  phase  to  the  monolith  support,  the 
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pre-coating  of  the  honeycomb  with  a  primer  is  needed. 
This  usually  brings  about  also  an  increase  of  surface 
area  and  improves  the  stability  of  the  catalyst  [4] .  The 
most  commonly  used  primer  is  y-Al203,  which  how¬ 
ever  shows  a  relatively  poor  stability  at  high  temper¬ 
ature,  leading  to  a  more  or  less  rapid  catalyst  decay. 
In  order  to  improve  heat  resistance,  many  studies  are 
presently  carried  out  on  doped  alumina  or  on  different 
mixed  oxides  (e.g.  Zr-Ce-Ti-Mg-O)  [5,6]. 

Furthermore,  perovskite-like  structured  mixed  ox¬ 
ides,  and  especially  Lao.9Ceo.iCo03±«5  [1],  proved 
since  long  time  a  valuable  alternative  to  noble  metals 
as  active  phase  for  total  oxidation  of  hydrocarbons, 
being  much  cheaper,  thermally  stable  and  compara¬ 
tively  active  [7]. 

The  aim  of  the  present  work  was  then  the  prepa¬ 
ration  of  a  series  of  honeycomb-supported  Lao.9Ceo.i 
Co03±5  catalysts  for  the  low-temperature  catalytic 
flameless  combustion  (CFC)  of  methane.  Two  primers 
were  compared,  AI2O3  and  La2C>3,  the  latter  prepared 
from  two  different  precursors,  by  analysing  their 
physical  and  mechanical  properties,  together  with 
their  influence  on  both  catalytic  activity  and  on  ther¬ 
mal  deactivation  rate.  La203,  in  spite  of  its  relatively 
low  surface  area,  was  chosen  as  an  innovative  pos¬ 
sible  substitute  for  alumina,  because  it  contains  only 
elements  present  in  the  active  phase,  so  avoiding  the 
addition  of  undesired  dopants,  and  because  it  is  known 
to  be  thermally  more  stable  [8].  Finally,  the  effect  of 
different  loadings  of  primer  and/or  of  active  phase  on 
catalyst  activity  and  stability  was  investigated. 

2.  Experimental 

2.7.  Active  phase  preparation 

The  active  phase,  Lao^Ceo.iCoC^i^,  was  prepared 
through  two  different  routes:  the  so  called  sol-gel 
citrates  (SGC)  method  [9]  and  the  flame  hydrolysis 
(FH)  technique.  A  detailed  description  of  the  apparatus 
and  of  the  conditions  adopted  for  perovskites  prepa¬ 
ration  through  the  FH  method  can  be  found  elsewhere 
[10-12]. 

The  SGC  sample  was  prepared  by  dissolving  La- 
(N03)3-6H20  (Aldrich,  purity  >99.99%),  Ce(N03)3- 
6H20  (ACROS,  purity  >99.50%)  and  Co(N03)2 
(Merck,  purity  >99.99%)  in  distilled  water.  Citric 


acid  (Aldrich,  purity  >99.0%)  was  added  as  complex- 
ing  agent.  The  solvent  was  evaporated  under  vacuum 
at  70  °C,  until  a  very  viscous  gel  was  formed.  Finally 
the  latter  was  dried  at  70  °C  and  90mbar  residual 
pressure  and  then  calcined  at  750  °C  in  air. 

The  FH  sample  was  prepared  from  a  2-3  wt.%  aque¬ 
ous  solution  of  the  same  reactants.  Citric  acid  was  then 
added  both  as  complexing  agent  and  to  increase  the 
flame  temperature  [10]  and  the  solution  was  nebulised 
on  a  H2  +  O2  flame.  The  very  thin  powder  formed  was 
collected  by  means  of  an  electrostatic  precipitator. 

2.2.  Characterisation  of  fresh  and  aged  catalysts 

X-ray  diffraction  analysis  (XRD)  was  done  by 
means  of  a  Philips  PW  1820  diffractometer,  using 
the  Ni-filtered  Cu  Ka  radiation  (X  =  0.15418  nm). 
Phase  recognition  was  obtained  by  comparison  with 
literature  data  [13]. 

BET  surface  area  and  porosity  were  measured  by 
means  of  a  Micromeritics  ASAP  2010  instrument. 
To  measure  the  BET  SA  of  monoliths,  a  particular 
home-made  test  tube  was  needed,  to  host  the  sample. 
The  results  of  BET  analysis  during  the  different  steps 
of  the  preparation,  before  and  after  the  reaction  and 
after  the  life  tests,  are  collected  in  Table  1. 

A  Cambridge  Stereoscan  150  scanning  electron 
microscope  (SEM)  was  employed  for  the  morpho¬ 
logical  analysis  of  the  monolithic  catalysts  and  for 
determining  the  particle  size  of  the  as-prepared  per- 
ovskite  powder.  Several  SEM  micro-graphs  have  been 
collected,  to  investigate  the  dispersion  and  adhesion 
of  the  perovskite  and  of  the  primer  on  the  cordierite 
surface. 

2.3.  Preparation  of  the  primer  suspension/solution 

For  the  wash  coating  deposition  of  the  primer  a 
suspension  or  a  solution  of  the  component  to  be  de¬ 
posited  is  needed.  To  obtain  a  stable  suspension,  a 
tumbling  ball  milling  procedure  was  employed,  us¬ 
ing  a  50  ml  cylindrical  polypropylene  jar  containing 
six  zirconia  balls  (10  mm  in  diameter).  The  alumina 
primer  was  obtained  from  commercial  boehmite  (Dis- 
peral  P2  by  Condea  Chemie).  The  suspension  was 
prepared  by  ball  milling  for  2  h,  2.5  g  of  boehmite 
in  22.5  ml  of  an  aqueous  solution  of  nitric  acid 
(0.4  vol.%). 
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Table  1 

BET  surface  area  (m2/g) 


Samplea 

Perovskite 

powder 

After  primer 
loading 

After  perovskite 
loading 

After  activity 
test 

After  accelerated 
ageing  test 

H2b 

34.1 

11.5 

11.2 

9.9 

7.3 

H9C 

34.1 

1.7 

2 

1.7 

1.0 

H14d 

34.1 

1.4 

1.4 

1.0 

1.0 

H18de 

18.6 

1.4 

1.5 

1.1 

1.1 

a  Bare  honeycomb  BET  surface  area  0.3  m2/g. 
b  Primer  AI2O3. 

c  Primer  La203  from  La  acetate. 
d  Primer  La2C>3  from  La  nitrate. 
e  Active  phase  by  FH  method. 


The  precursors  used  to  obtain  the  La2C>3  primer 
were  either  La(N03)3  or  La(CH3C00)3*nH20.  The 
first  one  is  soluble  in  water,  so  neither  the  presence 
of  HNO3  as  peptising  agent,  nor  the  ball  milling  pro¬ 
cedure  was  needed.  Different  concentrations  of  the 
starting  solution  were  used,  according  to  the  desired 
loading.  By  contrast,  lanthanum  acetate,  poorly  sol¬ 
uble  in  water,  was  ball  milled  for  2h  (1.5  g  of  salt  in 
22.5  ml  of  distilled  water),  so  obtaining  a  suspension 
stable  for  weeks. 

2.4.  Preparation  of  the  active  phase  suspension 

To  obtain  a  stable  suspension,  0.8  g  of  perovskite 
powder,  prepared  either  by  the  SGC  method  or  by  FH, 
were  dispersed  in  ca.  20  cm3  of  distilled  water  and  ball 
milled  for  4  h  as  described. 

2.5.  Dip  coating 

The  monolith,  in  form  of  1  cm  diameter  x  5  cm 
long  cylinders,  cut  from  commercial  60  channels/cm2 
cordierite  honeycomb,  was  pre-dried  at  500  °C  for  1  h 
and  weighed.  The  dip-coating  technique  consists  in 
dipping  and  withdrawing  at  constant  speed  the  hon¬ 
eycomb  from  the  solution/suspension  containing  the 
desired  component.  The  monolith  was  then  suspended 
to  a  thin  nylon  line  and  kept  with  the  channels  direc¬ 
tion  normal  to  the  surface  of  the  suspension  during 
the  whole  dipping  and  withdrawing  operation.  This 
was  accomplished  by  means  of  a  home-made  appa¬ 
ratus  [1],  driven  by  a  step  by  step  motor  through  an 
interchangeable-gears  gearbox. 


Every  dipping  was  followed  by  drying  at  room  tem¬ 
perature  for  10  min  and  calcination  at  500  °C  in  air 
for  1.5  h.  The  dip  coating,  drying  and  calcination  pro¬ 
cedure  was  repeated  several  times,  until  the  desired 
loading  of  primer  and/or  active  phase  was  obtained. 
An  example  of  uniformly  coated  finished  catalyst  is 
shown  in  Fig.  1,  in  comparison  with  a  bare  honeycomb 
support. 

The  loading  was  expressed  as  weight  percent  of  the 
finished  catalyst.  The  composition  of  all  the  catalysts 
prepared  is  listed  in  Table  2,  where  the  samples  can  be 
divided  in  subsets,  according  to  the  nature  of  primer, 
to  the  active  phase  preparation  method,  to  the  primers’ 
precursor,  etc. 


Fig.  1.  Example  of  finished  catalyst  and  of  the  bare  honeycomb: 
(a)  longitudinal  view;  (b)  cross-view.  Size  of  the  square  channels 
ca.  1.2  mm  x  1.2  mm. 
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Table  2 


The  composition  of  prepared  catalyst 


Sample 

Primer  (wt.%) 

Active  phase  (wt.%) 

Hla 

5 

1.8 

H2a 

5 

2 

H3a 

5 

3.5 

H4a 

5 

6 

H5a 

2 

3 

H6a 

8 

3 

H7 

— 

6 

H8 

— 

6C 

H9b 

2 

2 

H10b 

5 

2 

HI  lb 

8 

2 

H12d 

2 

2 

H13d 

3.5 

2 

H14d 

3.9 

2 

H15d 

7 

2 

H16d 

3.9 

1 

H17d 

3.9 

4 

H18d 

3.9 

2C 

a  Primer  AI2O3. 

b  Primer  La203  from  lanthanum  acetate. 

c  Active  phase  from  FH  method. 

d  Primer  La2C>3  from  lanthanum  nitrate. 

2.6.  Catalytic  activity  tests 

The  activity  tests  for  the  CFC  of  methane  were  car¬ 
ried  out  by  means  of  a  bench- scale  continuous  reactor. 
A  detailed  description  of  the  reactor,  of  the  procedure 
and  of  the  apparatus  for  the  gas  analysis  can  be  found 
elsewhere  [1,11,12].  Briefly,  an  Incoloy  800  tubular 
reactor,  400  mm  in  length,  inside  diameter  10.5  mm 
and  external  diameter  15.7  mm,  was  put  within  two 
heavy  metal  blocks  into  a  tubular  furnace.  The  hon¬ 
eycomb  was  positioned  in  the  isothermal  middle  part 
of  the  reactor  between  two  flocks  of  quartz  wool.  The 
void  part  of  the  reactor  tube,  above  and  below  the  cat¬ 
alyst,  was  filled  with  quartz  beads  (10-20  mesh).  The 
error  of  the  GC  analysis  employed  was  ±2%. 

Prior  to  each  run,  the  catalyst  was  activated  in  flow¬ 
ing  air  (20  cm3 /min),  while  increasing  temperature  by 
10  °C/min  up  to  600  °C,  then  kept  for  1  h.  The  activ¬ 
ity  tests  were  carried  out  by  feeding  a  mixture  com¬ 
posed  of  0.5vol.%  CH4,  49.5vol.%  He  and  50vol.% 
air,  while  increasing  temperature  by  2°C/min  from 
250  to  600  °C. 

The  total  flux  of  the  mixture  was  calculated  by 
referring  to  the  mass  of  active  phase,  so  to  have 


for  every  test  an  identical  value  of  time  factor  r  = 
W IF  =  2.5  mg  of  perovskite  min/cm3  of  gas  overall 
flow  rate.  Hence,  the  overall  flow  rate  ranged  from  7 
to  13  cm3 /min. 

2. 7.  Thermal  deactivation  accelerated  tests 

Some  significant  samples  have  been  tested  under 
particular  conditions,  to  investigate  their  heat  resis¬ 
tance.  These  tests  were  carried  as  follows  by  means  of 
the  same  apparatus  used  for  activity  tests.  At  the  end  of 
the  standard  test  an  isotherm  followed  at  the  tempera¬ 
ture  (7f )  of  maximum  conversion,  for  24  h.  Then,  some 
cycles  of  reaction/deactivation  were  accomplished,  by 
increasing  temperature  (10  °C/min)  up  to  800  °C,  then 
kept  for  1  h.  The  temperature  was  then  brought  back 
to  an  isotherm  at  7f,  kept  for  3h,  during  which  the 
catalytic  activity  was  measured.  The  deactivation  cy¬ 
cle  was  then  repeated,  till  a  decrease  in  conversion  at 
7f  was  noticed.  The  results  are  shown  in  Table  3. 

3.  Results  and  discussion 

3.1.  Characterisation  of  fresh  active  phase 

The  XRD  pattern,  relative  to  the  powder  prepared 
by  the  FH  technique,  showed  the  presence  of  the  per¬ 
ovskite  phase  only  (Fig.  2),  while  the  sample  prepared 
by  the  SGC  method  proved  much  less  crystalline  and 
showed  the  presence  of  traces  of  some  phases  other 
than  the  perovskite-like  one.  The  better  phase  purity 
of  the  FH  sample  is  due  to  the  very  high  temperature 
(ca.  1600  °C)  attained  during  the  preparation,  as  ex¬ 
tensively  described  elsewhere  [10]. 
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20 

Fig.  2.  XRD  pattern  of  Lao.9Ceo.iCo03±3  perovskite  prepared  by 
the  FH  method. 
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Table  3 


Activity  data  before  and  after  accelerated  thermal  deactivation  tests 


Sample 

T\/2 

Tf 

Conversion  of 
CH4  at  Tf  (%) 

Conversion  of 
CH4  after  24  h 
at  Tf  (%) 

Conversion  of 
CH4  after 

100  h  at  Tf  (%) 

Conversion  of 
CH4  after  first 
cycle  (%) 

Conversion  of 

CH4  after 
second  cycle  (%) 

Conversion  of 
CH4  after  third 
cycle  (%) 

H2 

488 

582 

100 

88.0 

— 

71.0 

— 

— 

H7 

490 

604 

100 

100 

100 

89.2 

86.0 

83.0 

H8 

468 

595 

100 

100 

100 

90.4 

87.5 

85.0 

H9 

452 

570 

97.3 

96.1 

— 

82.0 

81.5 

— 

H14 

450 

585 

98.4 

99.0 

— 

94.6 

93.5 

93.0 

H18 

459 

580 

98.0 

98.0 

— 

99.0 

95.0 

95.0 

BET  SA  of  the  catalysts  obtained  by  FH  was  around 
20  m 2/g  (Table  1).  This  it  is  due  to  the  very  short 
residence  time  within  the  flame,  that  limits  any  deep 
sintering  of  the  powder.  The  SGC  sample  showed  an 
about  double  value  of  SA,  being  calcined  at  750  °C 
only,  which  however  affected  considerably  heat  resis¬ 
tance  [10]. 

For  the  FH-made  catalyst  SEM  analysis  showed 
clusters,  200-500  nm  in  size,  made  of  highly  uniform, 
nearly  spherical  particles,  20-80  nm  in  size  [1]. 

3.2.  pH  effects  on  preparation  of  solution 
and/or  suspension  of  primer 

For  the  preparation  of  the  alumina  precursors’ 
suspension,  the  presence  of  nitric  acid  showed  very 
important,  in  order  to  improve  the  stability  of  the 
suspension  and  govern  the  thickness  of  the  deposited 
layer  [14].  Indeed,  it  is  well-known  [15]  that  a  low 
pH  of  the  solution  favours  the  peptisation  of  the  oxide 

AlOOH  +  3H+  Al3+  +  2H20  (1) 

while  at  higher  pH  H+  ions  interact  with  the  surface 
of  the  solid  precursor,  leading  to  the  establishment  of 
an  equilibrium  between  the  solid  and  the  solution 


=Al-OH  +  H+  ^  =Al-OH+  (2) 

Moreover,  Al3+  ions  in  aqueous  solution  form  a  water 
complex  through  the  two  equilibria  [16] 


[A1(H20)6]3+  - 

*  [A1(H20)5(0H)]2++H+ 

(3) 

[A1(H20)6]3+  - 

*  [A1(H20)4(0H)2]+  +  2H+ 

(4) 

Reactions  (3)  and  (4),  always  present,  contrast  the  in¬ 
creasing  of  pH  through  the  dissolution  of  a  part  of  the 


boehmite  and  the  protonation  of  the  surface  of  solid 
particles.  To  minimise  these  phenomena  and  obtain  a 
stable  suspension,  the  optimal  molar  ratio  between  H+ 
and  Al3+  lies  around  0.05  [16]. 

A  similar  situation  occurs  during  the  preparation  of 
the  suspension  of  lanthanum  oxide  precursor.  Indeed, 
at  pH  values  >6.5  the  precipitation  of  lanthanum  hy¬ 
droxide  prevents  the  formation  of  a  stable  suspension 
and  leads  to  a  poorly  uniform  coating.  On  the  other 
hand,  at  too  low  pH  the  Fa  precursor  cannot  be  eas¬ 
ily  adsorbed  on  the  cordierite  acidic  surface.  Then,  we 
found  that  the  optimal  pH  of  the  solution/suspension 
of  Fa3+  should  be  around  a  value  of  6. 

3.3.  Effect  of  the  honeycomb  withdrawing  speed 
and  of  dipping  time 

One  of  the  most  important  parameters  to  be  con¬ 
trolled,  in  order  to  obtain  a  strong  and  uniform  grafting 
of  both  primer  and  perovskite  on  the  cordierite,  is  the 
speed  of  the  honeycomb  withdrawing  during  the  dip 
coating.  The  optimal  extraction  speed  depends  on  the 
rheological  behaviour  of  the  suspension  of  the  mate¬ 
rial  to  be  deposited.  A  high  speed  usually  leads  to  an 
excessive  and  uneven  deposition.  In  fact,  the  fluid  in 
excess  tends  to  accumulate  at  the  bottom  of  the  sam¬ 
ple.  By  contrast,  a  too  low  speed  involves  a  too  thin 
liquid  layer  adhering  to  the  solid  surface,  forcing  to 
repeat  several  times  the  treatment  in  order  to  get  the 
desired  loading.  Our  preliminary  experiments  showed 
that,  for  the  present  suspensions  (or  solution)  and  sup¬ 
port  shape,  the  optimum  speed  for  drawing  out  the 
honeycomb  was  ca.  lOcm/min. 

Furthermore,  with  the  present  materials,  the  loading 
of  Fa203  proved  almost  independent  of  dipping  time, 
the  equilibrium  loading  being  attained  quite  rapidly. 
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Hence,  for  a  uniform  coating,  the  loading  depended 
almost  exclusively  on  the  concentration  of  the  solu¬ 
tion/suspension. 

3.4.  Catalytic  activity  tests 

The  CFC  of  methane  has  been  chosen  as  model 
reaction,  because  methane  is  very  widely  employed 
as  fuel  and  it  is  the  less  reactive  hydrocarbon.  All 
the  present  catalysts  proved  highly  active,  leading  to 
methane  full  conversion  to  carbon  dioxide  at  T  < 
650  °C,  under  the  selected  reaction  conditions  (Fig.  3). 

Fig.  3A  shows  the  comparison  between  the  cata¬ 
lysts  with  alumina  as  primer,  with  different  loadings 
of  primer  and  of  active  phase  (catalysts  H1-H6, 
Table  2).  The  most  active  catalysts  showed  H2  and 
H4,  characterised  by  5%  loading  of  alumina  and  2 
and  6%  loading  of  perovskite,  respectively.  Indeed, 
the  sample  H2  showed  the  most  active  at  low  temper¬ 
ature  (i.e.  below  400  °C),  while  H4  showed  the  lowest 


value  of  74/2  (ca.  455  °C)  within  the  present  group, 
74/2  being  the  temperature  at  which  the  conversion  of 
methane  attained  50%.  The  temperature  (7f)  of  com¬ 
plete  conversion  was  about  the  same  (ca.  585  °C)  for 
both  the  catalysts.  However,  it  can  be  noticed  that  per¬ 
ovskite  loading  does  not  affect  catalytic  performance 
to  the  same  extent  as  primer  loading,  good  results  be¬ 
ing  attained  even  with  active  phase  loading  as  low  as 
2  wt.%.  Furthermore,  it  can  be  noticed  from  the  same 
Fig.  3 A,  that  by  increasing  AI2O3  content  from  2  to 
5  wt.%  (samples  H5  and  H3,  respectively)  a  consider¬ 
able  activity  increase  has  been  obtained,  74/2  decreas¬ 
ing  from  502  to  490  °C  and  7f  decreasing  from  630  to 
590  °C.  A  further  increase  of  primer  loading  did  not 
further  improve  catalytic  performance  appreciably. 
Indeed,  on  going  from  5  wt.%  (sample  H3)  to  8  wt.% 
(sample  H6)  loading  of  AI2O3,  only  a  slight  decrease 
of  74/2  was  observed,  7f  remaining  590  °C  for  both 
samples.  Hence,  5  wt.%  primer  loading  was  chosen 
as  an  optimal  value  from  the  point  of  view  of  activity. 
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Fig.  3.  Comparison  between  the  catalysts:  (A)  with  alumina  as  primer:  (JK)  HI,  (□)  H2,  (O)  H3,  (A)  H4,  (O)  H5,  (•)  H6  (Table  1);  (B) 
with  different  loading  of  lanthanum  oxide  from  acetate  and  constant  loading  of  perovskite  (2%):  (A)  H9,  (O)  H10,  (JK)  Hll;  (C)  with 
lanthanum  oxide  from  nitrate:  (JK)  H12,  (A)  H13,  (O)  H14,  (O)  H15,  (□)  H16,  (•)  H17;  (D)  with  differently  prepared  perovskite  and 
with  or  without  primer:  (□)  H7,  (O)  H8,  (A)  H14,  (JK)  H18. 
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Fig.  3B  shows  the  comparison  between  the  cata¬ 
lysts  with  La2C>3  from  La-acetate  as  primer,  (catalysts 
H9-H11,  Table  2).  The  most  active  sample  was  H9 
(2%  primer  and  2%  perovskite).  La2C>3  showed  im¬ 
mediately  to  be  a  very  active  primer  also  in  so  low 
amount  (compare  e.g.  with  sample  H5,  with  2wt.% 
alumina).  By  comparing  samples  H2  and  H9,  charac¬ 
terised  by  the  same  perovskite  loading  (Table  2),  one 
can  see  the  higher  performance  of  La-oxide  as  primer, 
with  respect  to  alumina. 

This  seems  not  directly  correlated  to  the  surface 
area  of  the  samples.  Indeed,  from  Table  1  one  may 
notice  that  the  AI2O3 -based  samples  possess  a  much 
higher  SA  than  the  La2C>3 -based  ones.  The  reason  of 
the  lower  activity  of  the  AI2O3 -based  catalysts  likely 
should  be  due  to  the  interaction  between  the  compo¬ 
nents  of  the  perovskite  and  the  alumina  primer.  In¬ 
deed,  it  is  well-known  [17-19]  that,  at  relatively  low 
temperature  (ca.  500  °C),  the  formation  of  a  spinel 
structure  such  as  C0AI2O4  can  take  place  rather  eas¬ 
ily.  The  formation  of  this  species  transforms  a  part 
of  the  perovskitic  ABO3  active  phase  into  the  rela¬ 
tively  inert  spinel  phase  and  it  is  mainly  affected  by 
two  parameters,  namely  the  temperature  and  the  pres¬ 
ence  of  water.  Methane  combustion  supplies  a  suffi¬ 
cient  amount  of  water  to  favour  the  partial  migration 
of  Co  towards  alumina,  to  form  C0AI2O4.  Moreover, 
in  other  studies  [20,21],  carried  out  on  Lai_xSrxCo03 
loaded  on  cordieritic  honeycomb,  the  same  reaction 
was  observed  at  higher  temperature  (ca.  800  °C)  even 
in  dry  atmosphere,  leading  to  the  catalytically  less  ac¬ 
tive  C0AI2O4.  This  phenomenon  was  not  observed 
with  perovskites  of  different  B  metal,  such  as  Mn 
or  Fe.  However,  La  segregation  from  a  LaCo03  per¬ 
ovskite  to  alumina  was  also  reported,  to  form  LaA103 
[22],  accompanied  by  partial  destruction  of  the  per¬ 
ovskitic  structure. 

Fig.  3C  (samples  H12-H18,  with  La2C>3  from  ni¬ 
trate)  shows  that  the  highest  conversion  was  given  by 
HI 4,  characterised  by  a  primer  loading  of  ca.  4wt.% 
and  perovskite  loading  of  2wt.%  (Table  2).  Hence, 
in  order  to  obtain  the  same  conversion  of  sample  H9, 
the  primer  loading  has  to  be  doubled  when  passing 
from  acetate  to  nitrate  as  precursor.  Since  the  SA  of 
the  fresh  samples  H9  and  H14  (Table  1)  are  very 
similar,  we  can  infer  that  a  double  loading  of  primer 
is  needed  in  order  to  obtain  the  same  dispersion  of 
perovskite.  This  is  clearly  due  to  the  nature  of  the 


primers’  precursor.  As  a  conclusion,  based  on  catalytic 
activity  only,  all  these  data  clearly  show  the  advan¬ 
tage  of  La2C>3  as  primer,  in  spite  of  its  lower  sur¬ 
face  area,  especially  when  La2C>3  is  obtained  from  the 
acetate. 

In  addition,  by  varying  the  loading  of  the  active 
phase  at  constant  loading  of  primer  (samples  HI 4, 
HI 6,  H17  Table  2)  we  observed  a  significant  change 
of  activity  (Fig.  3C),  at  difference  with  what  observed 
with  alumina  as  primer.  Indeed,  due  to  the  very  low 
SA  in  the  case  of  La2C>3  as  primer  (compare  e.g.  H 14 
with  H2,  Table  1),  an  increase  of  active  phase  load¬ 
ing  from  2  to  4wt.%  leads  to  a  poor  dispersion,  pe¬ 
nalising  catalytic  activity.  This  effect  was  not  relevant 
with  AI2O3 -primer  based  catalysts,  due  to  the  much 
higher  SA  after  the  addition  of  the  primer,  allow¬ 
ing  to  offer  a  high  dispersion  even  with  higher  load¬ 
ing  of  the  active  phase.  However,  as  expected,  a  too 
low  perovskite  loading  (sample  HI 6,  1  wt.%)  showed 
insufficient. 

Finally,  Fig.  3D  shows  the  activity  of  two  cata¬ 
lysts  without  primer,  both  loaded  with  6%  perovskite 
(H7  and  H8,  Table  2),  but  obtained  by  the  SGC  and 
FH  technique,  respectively.  They  were  compared  with 
samples  H14  and  HI 8,  characterised  by  3.9%  load¬ 
ing  of  lanthanum  oxide  (from  nitrate)  and  2%  load¬ 
ing  of  perovskite,  prepared  through  SGC  and  FH,  re¬ 
spectively.  The  activity  of  samples  H7  (SGC  method) 
and  H8  (FH  method)  is  in  line  with  what  observed  in 
our  previous  work  [1].  Indeed,  the  present  catalysts 
showed  T\/2  values  of  475  and  460  °C  and  7f  values 
of  604  and  585  °C,  respectively,  confirming  the  better 
performance  of  the  FH  perovskite.  The  activity  of  the 
samples  H8  and  HI 8,  both  prepared  from  the  same  FH 
perovskite,  was  the  same,  showing  that  the  FH  active 
phase  is  substantially  unaffected  by  the  presence  of 
the  primer.  By  contrast,  a  considerable  increase  of  ac¬ 
tivity  was  noticed,  especially  at  low  temperature,  for 
sample  H14,  prepared  from  the  SGC  perovskite  and 
supported  on  a  primer-coated  honeycomb.  In  this  case 
an  activity  comparable  to  that  of  the  FH  samples  was 
obtained.  The  low  activity  of  sample  H7  should  then 
be  connected  to  a  different  cause,  namely  to  its  ther¬ 
mal  and  mechanical  instability  (vide  infra).  Indeed, 
after  the  activity  test  the  adhesion  of  the  active  phase 
to  the  support  showed  very  poor  for  the  H7  sample,  so 
that  a  considerable  portion  of  powdered  active  phase 
was  found  at  the  bottom  of  the  honeycomb. 
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Fig.  4.  Thermal  stability  tests  for  the  catalysts  with  different 
primers:  (O),  H14  (Tf  =  585  °C);  (O),  H2  (Tf  =  582  °C);  (□), 
H9  (Tf  =  570  °C). 

3.5.  Thermal  stability  accelerated  tests 

The  results  of  the  thermal  stability  tests  are  collected 
in  Table  3  and  Fig.  4.  The  less  stable  catalyst  was  H2 
(alumina  as  primer),  which  showed  a  progressively 
decreasing  methane  conversion  from  the  initial  100 
to  88%  (after  24  h  on-stream  at  Tf  =  582  °C)  to  71% 
only  (after  the  first  accelerated  ageing  cycle).  In  addi¬ 
tion  to  the  possible  formation  of  LaA103  or  C0AI2O4 
phases,  a  further  problem  is  connected  to  the  poor  ther¬ 
mal  stability  of  alumina,  leading  to  sintering,  which 
strongly  reduces  the  catalyst  surface  area.  Further¬ 
more,  the  different  thermal  dilation  coefficient  with 
respect  to  the  cordieritic  support  can  very  likely  be  the 
cause  of  formation  of  the  deep  creeps  observed  in  the 
coating  (see  Fig.  5).  Indeed,  fresh  H2  sample  showed 


Fig.  5.  Typical  SEM  image  of  a  cross-section  of  H2  sample  (primer 
alumina)  after  accelerated  ageing. 


the  highest  surface  area  (ca.  12m2/g),  which  strongly 
decreased  (by  ca.  20%)  even  after  lOOh  on-stream  at 
Tf  only  and  further  dropped  (by  ca.  40%)  after  the  first 
accelerated  ageing  test.  Moreover,  Fig.  5,  besides  the 
previously  mentioned  deep  creeps,  shows  that  the  ac¬ 
tive  phase  adheres  much  better  to  the  alumina  primer 
than  the  latter  to  the  cordierite.  This  confirms  the  pos¬ 
sible  formation  of  the  mentioned  La-aluminate  and 
Co-aluminate  as  reaction  products  of  the  migration  of 
La  and  Co  into  alumina  and  the  poor  adhesion  of  the 
latter  to  the  cordierite,  as  a  consequence  of  the  differ¬ 
ent  thermal  dilation  coefficient  of  the  two  materials. 
Thus,  from  all  these  considerations,  alumina  con¬ 
firmed  clearly  unsuitable  as  primer  to  favour  adhesion 
of  our  perovskitic  catalyst  to  the  honeycomb  support. 

The  much  better  thermal  stability  of  lanthanum 
oxide  with  respect  to  alumina  is  confirmed  by  sample 
H9  (Fig.  4  and  Table  3)  prepared  from  lanthanum  ac¬ 
etate.  However,  this  primer  appeared  still  insufficient 
to  guarantee  an  optimal  thermal  stability.  Indeed,  H9 
sample  showed  97.3%  methane  conversion,  which 
decreased  to  96%  after  24  h  on-stream  at  Tf  and  to  ca. 
82%  after  two  ageing  cycles  (Table  3  and  Fig.  4).  This 
has  been  confirmed  by  SEM  analysis  (see  Fig.  6), 
showing  that  both  primer  and  active  phase,  though 
better  grafted  to  the  cordierite,  tended  to  migrate  onto 
the  support  surface  and  to  accumulate  in  thicker  layers 
at  the  crossing  of  the  honeycomb  walls,  so  leading  to 
a  considerable  decrease  of  active  phase  surface  area 
and  hence  of  activity. 


Fig.  6.  Typical  SEM  image  of  a  cross-section  of  H9  sample  (primer 
La2C>3  from  acetate)  after  accelerated  ageing. 
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Fig.  7.  Typical  SEM  image  of  a  cross-section  of  H14  sample 
(primer  La2C>3  from  nitrate)  after  accelerated  ageing. 

By  contrast,  H14  sample,  prepared  from  lanthanum 
nitrate,  showed  about  99%  methane  conversion  af¬ 
ter  24  h  on-stream  at  7f  and  still  93%  conversion  af¬ 
ter  three  ageing  cycles  (Fig.  4  and  Table  3).  Fig.  7 
shows  that  this  good  performance  is  clearly  connected 
with  the  much  better  grafting  of  primer  and  of  active 
phase  to  the  support  and  to  a  very  uniform  distribu¬ 
tion  of  the  materials  onto  the  surface  of  the  honey¬ 
comb,  allowing  a  very  good  thermal  stability  of  the 
catalyst  even  after  three  fast  deactivation  cycles.  So 
one  may  conclude  that  the  deposition  of  lanthanum 
oxide  from  La(N03)3  gives  the  best  results  from  the 
point  of  view  of  both  activity  (vide  supra)  and  thermal 
stability. 

The  final  set  of  tests  aimed  at  comparing  sam¬ 
ples  prepared  in  the  presence  or  in  the  absence  of 
primer.  The  data  (Table  3)  show  that  catalyst  H8  (FH 
perovskite  without  primer,  Table  2)  was  sufficiently 
stable  during  the  first  24  h  test  and  even  after  100  h  at 
7f.  However,  the  comparison  of  catalysts  H8  and  HI 8 
(FH  perovskite  and  La203  from  nitrate  as  primer) 
confirmed  the  need  of  a  thermally  stable  primer,  to 
graft  the  perovskite  to  the  honeycomb  surface.  Indeed, 
activity  of  H8  dropped  to  85%  after  three  accelerated 
ageing  cycles.  By  contrast,  the  HI 8  sample  maintained 
an  acceptable  activity  during  the  whole  durability 
test. 

At  last,  the  direct  deposition  of  the  SGC  perovskite 
on  the  cordierite  support  (H7  sample)  led  to  the  worst 
results,  due  to  the  poor  thermal  stability  of  the  catalyst 


Fig.  8.  Typical  SEM  image  of  a  cross-section  of  H7  sample 
(without  primer)  after  accelerated  ageing. 

itself,  combined  with  the  lack  of  a  grafting  agent.  In¬ 
deed,  SEM  photos  (Fig.  8)  show  the  presence  of  deep 
cracks  between  the  active  phase  and  the  cordierite  sur¬ 
face.  This  led  to  the  mentioned  loosing  of  catalyst 
powder,  found  on  the  quartz  wool  at  the  bottom  of  the 
honeycomb. 

4.  Conclusions 

(i)  In  spite  of  its  low  surface  area,  La203  proved  to  be 
a  very  good  primer,  in  comparison  with  alumina, 
for  grafting  the  Lao.9Ceo.iCo03±«5  catalyst  onto 
cordieritic  honeycomb  support,  from  the  points  of 
view  of  both  activity  and  thermal  stability,  espe¬ 
cially  when  prepared  from  the  nitrate  as  precursor. 

(ii)  The  most  critical  parameters  for  attaining  a  good 
dispersion  of  both  the  primer  and  the  catalyst  on 
the  support  and  a  strong  grafting  to  the  latter  are 
the  honeycomb  withdrawing  speed  and  the  con¬ 
centration  of  the  suspension/solution  of  the  ma¬ 
terial  to  be  deposited,  which  affects  the  rheology 
of  the  solution/suspension.  Immersion  time  seems 
not  to  play  a  substantial  role. 
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